














Technological	 advances	 have	 promoted	 the	 identification	 of	 microbial	 community	
compositions,	but	the	underlying	assembly	mechanisms	and	rules	governing	successions	
remain	 poorly	 studied	 and	 understood.	 Previous	 studies	 tend	 to	 focus	 on	 bottom-up	
processes,	but	the	focus	on	bottom-up	selection	pressures	leaves	much	of	the	community	
variance	unaccounted	for.	The	inclusion	of	other	processes,	like	top-down	controls	(e.g.	
predation),	 and	 identifying	 the	 relative	 influence	 of	 bottom-up	 and	 top-down	
mechanisms,	 may	 help	 close	 the	 gap	 and	 provide	 improved	 insight	 into	 previously	




over	 time.	 Different	 substrates	 were	 chosen	 based	 on	 surface	 properties	 (i.e.	 more	
degradable	[wood]	vs	inert	[plastic,	tile,	glass]	at	the	times	scales	measured).	Community	
development	was	monitored	with	16S	and	18S	rRNA	gene	amplicon	sequencing.	Biofilm	
development	 occurred	 in	 two	 stages	 based	 on	 compositional	 differences:	 an	 unstable	
early,	 and	 stable	 late	 stage.	 Substrate	 differences	 shaped	 the	 establishment	 and	 early	
succession	 of	 the	 microbiome,	 while	 the	 influence	 of	 predation	 decreased	 substrate	
dependent	differences	and	lead	to	distinct	late	successional	compositions.	Autotrophs	:	
heterotroph	 :	mixotroph	 ratios	 reflected	 the	 selective	 pressures	 influence	 best.	 Early	
wood	communities	contained	9-50%	more	mixotrophic	Proteobacteria	and	Euglenozoa	
compared	to	inert	substrates,	which	instead	showed	twice	the	abundance	of	autotrophic	




selective	 pressure	 decreased	 unexplained	 variance	 by	 18-52.6%	 and	 lead	 to	 the	
development	of	an	assembly	model.	Early,	unstable,	communities	are	driven	primarily	by	
nutritional	availability,	but	these	differences	decrease	over	time	as	community	biomass	
increases.	 As	 the	 community	 ages	 higher	 trophic	 levels	 are	 recruited,	 until	 selective	












I’m	 also	 thankful	 to	 everyone	 who	 made	 this	 project	 possible;	 Jess	 Wenley	 for	 her	
preliminary	marine	biofilm	work,	Federico	Baltar	for	his	advice	concerning	the	biofilm	
study	implementation	and	data	interpretation,	Bridie	Allan	for	her	feedback	and	expert	
advice,	 and	 Dave	 Wilson	 for	 all	 his	 technical	 help	 towards	 the	 study’s	 design	 and	
implementation.	
I	would	like	to	extend	my	gratitude	to	everyone	in	the	Department	of	Microbiology	and	











Abstract ............................................................................................................................ i 
Acknowledgements ........................................................................................................ iii 
Table	of	Contents ........................................................................................................... iv 
List	of	figures ................................................................................................................. vii 
List	of	tables ................................................................................................................... ix 
List	of	abbreviations ....................................................................................................... x 
1.	Introduction ................................................................................................................ 1 
1.1	Knowledge	of	microbial	assembly	mechanisms	is	important ...................................... 1 
1.2	Selective	pressures	have	been	classified	but	their	relative	influence	remains	
unknown .................................................................................................................................. 2 
1.2.1	Selective	pressures	can	be	either	stochastic	or	deterministic ........................................................ 2 
1.2.2	Selective	pressures	are	divided	into	abiotic	and	biotic	influences ................................................ 4 
1.2.3	Selective	pressures	can	enact	bottom-up	or	top-down	compositional	changes ........................... 5 
1.2.4	Communities	develop	in	stages ........................................................................................................ 6 
1.3	Biofilm	characteristics ...................................................................................................... 8 
1.4	An	in	situ	approach	is	necessary	when	assessing	assembly	mechanisms ................. 10 
1.5	rRNA	gene	amplicon	sequencing	is	the	superior	technique	to	assess	this	study’s	
microbial	community	composition ..................................................................................... 10 
1.6	A	long-term	top-down	control	integrated	study	would	best	assess	community	
assembly	mechanisms .......................................................................................................... 13 
1.7	Study	aims ........................................................................................................................ 15 
2.	Methods ..................................................................................................................... 17 
2.1	Experimental	design ....................................................................................................... 17 
2.2	Sample	preparation	and	collection ............................................................................... 19 
2.3	DNA	Extraction	and	Sequencing .................................................................................... 19 
 
	 v	
2.4	Taxonomic	assignment	of	rRNA	gene	sequences ......................................................... 20 
2.5	Bioinformatic	community	analysis ............................................................................... 21 
2.5.1	Sample	clustering	over	time ............................................................................................................ 21 
2.5.2	Alpha	diversity	quantification ........................................................................................................ 22 
2.5.3	Beta-diversity	quantification .......................................................................................................... 23 
2.5.4	Quantifying	the	number	of	shared	ASVs ........................................................................................ 25 
2.5.5	Identification	of	significant	taxa	trends ......................................................................................... 26 
3.	Results ....................................................................................................................... 28 
3.1	Data	retention	throughout	dada2	pipeline	was	acceptable ........................................ 28 
3.2	The	water	column	represents	the	marine	biofilm	seed	bank	(regional	species	pool)
 ................................................................................................................................................. 28 
3.3	Biofilm	development	is	split	over	two	stages ............................................................... 32 
3.4	Enclosure	presence	increased	alpha	diversity ............................................................. 36 
3.4.1	Increased	wood	richness	and	decreased	evenness	were	enclosure	dependent ......................... 36 
3.5	Biofilm	successions	are	linked	to	age ........................................................................... 37 
3.6	Community	variability	decreases	as	biofilms	age ........................................................ 41 
3.7	The	primary	compositional	driver	switches	during	biofilm	development ............... 41 
3.8	Dominant	phylum	responses	reflect	selective	pressure	changes .............................. 44 
3.8.1	Phylum	and	Family	distribution	patterns	were	conserved .......................................................... 47 
4.	Discussion .................................................................................................................. 49 
4.1	Rapid	deterministic	community	successions	decrease	early	stochasticity .............. 49 
4.1.1	Biofilm	associated	organisms	are	stochastically	recruited	from	the	surrounding	environment
 .................................................................................................................................................................... 49 
4.1.2	Larger	energy	requirements	delay	eukaryotic	recruitment.	 ....................................................... 51 
4.1.3	Succession	stages	are	distinct	due	to	recruitment	effects ............................................................ 52 
4.1.4	Deterministic	community	successions	result	in	community	composition	convergence. ........... 53 
4.2	Top-down	is	the	primary	selective	pressure	of	alpha	diversity ................................. 57 
4.3	Bottom-up	differences	drive	early	community	composition ...................................... 59 
4.4	Top-down	selective	pressure	determines	late	community	composition .................. 62 
4.5	Community	succession	model ........................................................................................ 65 
 
	 vi	
4.6	Limitations	of	the	study .................................................................................................. 70 
4.7	Future	directions ............................................................................................................. 72 
5.	References ................................................................................................................. 75 











































































ASV	 	 	 	 	 	 	 	 Amplicon	sequence	variant	
eDNA		 	 	 	 	 	 	 Environmental	DNA	
EPS		 	 	 	 	 	 	 	 Extracellular	polysaccharides	






Environmental	 microbes	 are	 essential	 components	 of	 all	 ecosystems	 due	 to	 their	
contribution	to	global	metabolite	(e.g.	polysaccharides,	CO2)	and	element	(e.g.	oxygen,	






organisms	 play.	 While	 technological	 advances	 have	 allowed	 the	 identification	 of	





range	of	 applications.	For	example,	 a	modern	application	of	 a	 community	assembly	 is	
microorganisms	is	within	wastewater	treatment	(Nicolella,	Van	Loosdrecht,	and	Heijnen	
2000).	If	raw	wastewater	or	sewage	was	released	into	the	environment	then	the	resulting	
water	 pollution	 could	 result	 in	 harmful	 algal	 blooms	 (Lapointe	 et	 al.	 2015).	 Instead,	
microbes	are	employed	to	decrease	organic	matter	concentrations	within	the	released	
fluid	 to	 avoid	 harmful	 algal	 blooms.	 It	 has	 been	 suggested	 that	 the	 utilisation	 of	
microalgae	 within	 wastewater	 treatment	 could	 be	 used	 to	 produce	 biofuels	 as	 a	
byproduct	(Miranda	et	al.	2017).	To	make	this	a	reality	it	is	first	important	to	understand	
the	 underlying	 ecological	 principles	 of	 community	 assembly	 to	 maximise	 microalgal	
abundance	 and	 therefore	 biofuel	 production.	 Community	 assembly	 is	 defined	 as	 the	
processes	that	shape	both	the	identity	and	abundance	of	organisms	within	an	ecological	
community.	Understanding	community	assembly	is	also	important	in	the	medical	field	




















Different	 environmental	 conditions	 produce	 distinct	 microbial	 communities	 yet	 the	

















known	 as	 ecological	 drift	 (Zhou	 and	Ning	 2017;	Nemergut	 et	 al.	 2013;	 Vellend	 2010;	
Vellend	et	al.	2014).	Deterministic	selection	act	through	niche	selection,	where	specific	













dispersal	 remains	 poorly	 studied	 due	 to	 microbial	 size,	 high	 abundance,	 high	
reproduction,	and	wide	dispersion	(Evans,	Martiny,	and	Allison	2017;	Nemergut	et	al.	
2013).	Inherent	microbial	characteristics	make	it	challenging	to	link	biological	dispersal	
traits	 to	 community	 changes	 and	 dispersal	 differences	 (Lowe	 and	 McPeek	 2014).	
Consequently,	 the	 relative	 influence	 of	 stochastic	 and	 deterministic	 processes	 on	
dispersal	is	yet	to	be	determined	(Zhou	and	Ning	2017;	Langenheder	and	Székely	2011;	
Powell	et	al.	2015;	Måren	et	al.	2018b).	For	the	sake	of	simplicity	many	studies	continue	
to	 treat	 dispersal	 as	 a	 purely	 stochastic	mechanism,	 even	 though	 it	 is	 now	 generally	
accepted	 that	 both	 stochastic	 and	 deterministic	 processes	 play	 a	 role	 in	 community	
assembly.		
The	relationship	between	stochastic	and	deterministic	processes	is	further	complicated	









to	 ecosystem	 changes,	 even	 shifting	 the	 primary	 influence	 from	 stochastic	 to	
deterministic	 (Måren	 et	 al.	 2018b;	 Dini-Andreote	 et	 al.	 2015)	 or	 deterministic	 to	
stochastic	over	time	(Chisholm	and	Pacala	2011).	To	capture	influence	variability,	studies	
must	 include	 a	 temporal	 component	 within	 their	 experimental	 design	 to	 enable	 the	
capture	of	a	single	pressures	relative	influence	on	a	community.	
1.2.2	Selective	pressures	are	divided	into	abiotic	and	biotic	influences	
Deterministic	 community	 processes	 are	 divided	 into	 abiotic	 and	 biotic	 pressures	
depending	 on	 their	 characteristics.	 Abiotic	 pressures	 refer	 to	 physical	 or	 chemical	
processes	 (e.g.	 nutrient	 availability,	 geographic	 location)	 that	 may	 affect	 community	
composition.		
The	 literature	 concerning	 microbial	 ecology	 largely	 focuses	 on	 the	 effects	 of	 abiotic	
pressure	on	microbial	communities,	primarily	environmental	nutrients	(Jannasch	1967;	
Colwell,	 Walker,	 and	 Cooney	 1977;	 Tilman,	 Kilham,	 and	 Kilham	 1982;	 Scheu	 1990;	
Pereira	and	Berry	2017).	While	also	considering	the	effects	of	other	pressures	such	as	
pH,	temperature,	and	pressure	(Price	and	Sowers	2004;	Bartlett	2002;	Yun	et	al.	2016).	
The	 abiotic	 pressure	 focus	 stems	 from	 a	 historic	 pure	 culture	 bias	 where	 metabolic	
requirements	and	limiting	resources	are	provided	to	culture	an	isolated	organism	as	a	
way	to	develop	pure	cultures	from	previously	complex	communities		
Biotic	 pressures	 are	 those	 derived	 from,	 or	 related	 to,	 interactions	 between	 living	
entities,	these	social	behaviour	and	other	biotic	interactions	are	fundamental	aspects	of	
communities	 and	 have	 been	 classified	 into	 groups:	 1)	 mutualism	 occurs	 when	 both	
organisms’	 benefit,	 2)	 commensal	 relationships	 benefit	 only	 one	 organism	 while	 the	




the	community)	represents	one	of	 the	benefits	of	 living	 in	a	community,	as	organisms	






ecological	 process	 in	 microbial	 communities,	 where	 it	 can	 either	 target	 specific	
organisms	 (selective	 predation)	 or	 feed	 on	 any	 organism	 (general	 predation).	 The	
distinction	is	dependent	on	the	relative	frequency	of	prey	organisms	within	a	predator’s	
diet.	When	the	relative	frequency	of	prey	differs	from	the	prey’s	relative	environmental	
abundance,	 a	predator	 shows	prey	 type	preference	 and	 therefore	 selective	predation.	
Blue-gill	 fish	 (Lepomis	 macrochirus)	 display	 selective	 predation	 with	 yeast	 infected	
Daphnia	 (Duffy	 and	Hall	2008),	 a	preference	 for	 infected	Daphnia	 by	 the	 fish	 reduces	
infection	prevalence	and	associated	host	density	declines.	Meanwhile,	general	predation	
occurs	 when	 a	 predator	 has	 no	 preferred	 prey	 type,	 its	 diet	 therefore	 reflects	
environmental	 prey	 abundance.	 Daphnia	 pulex,	 a	 generalist	 consumer	 (Bogdan	 and	
Gilbert	1987;	Burns	1968),	is	thought	to	only	reject	particles	that	exceeds	its	food	groove	
size	(>	45	µm)	(DeMott	1982).		
Biotic	 interaction	studies	are	 less	 common	 than	 those	 focused	on	abiotic	 interactions,	
particularly	 studies	 concerning	 microbial	 ecology.	 One	 possible	 reason	 includes	 the	
increased	technical	and	analytical	difficulties	associated	with	biotic	interaction	studies.	
Biotic-interactions	 are	 hard	 to	 determine	 unless	 directly	 observed	 or	 controlled	 for,	
which	is	near	impossible	at	the	microbial	scale.	Gause’s	competitive	exclusion	work	is	an	
example	of	a	directly	controlled	experiment,	as	organism	presence	is	dependent	on	its	
relative	 fitness	 (Gause	 1934).	 The	 approach	 quickly	 becomes	 untestable	 with	 larger	
organism	 numbers	 and	 more	 complex	 communities.	 A	 possible	 alternative	 includes	
identifying	possible	interactions	through	data	analysis	of	taxonomic	distributions	over	
time,	followed	by	a	literature	search	to	determine	precedence	and	why	these	organisms	












eels	 (Ammodytes	marinus	 Raitt),	 and	 predatory	 sea-birds	 display	 a	 classic	 bottom	 up	
relationship	whereby,	 increases	 in	 plankton	 abundance	 results	 in	 increasing	 sand-eel	






down	 controlled	 systems	 is	 the	 relationship	 between	 sea	 otters	 (Enhydra	 lutris),	 sea	
urchins	(Strongylocentrotus	sp.),	and	kelp	forests	(e.g.	Hedophyllum	sessile	and	Laminaria	
longipes)	 (Estes	 and	 Palmisano	 1974).	 Sea	 otters	 prey	 on	 sea	 urchins	 and	 keep	 their	
abundance	 below	 a	 threshold,	 which	 allows	 kelp	 forests	 to	 grow.	 However,	 once	 sea	















Biofilms	 develop	 and	 therefore	 undergo	 community	 successions,	 over	 several	 stages:	
initial	attachment,	permanent	attachment,	maturation,	and	dispersal	(Antunes,	Leão,	and	
Vasconcelos	2019;	Kostakioti,	Hadjifrangiskou,	and	Hultgren	2013).	Other	ecosystems	do	







cleaning	 (Teles	 et	 al.	 2012).	 Selection	 of	 specific	 organisms	 can	 be	 based	 on	 nutrient	
availability,	species	presence,	and	predation	(Lindemann	and	St.	John	2014;	Vidal	et	al.	
2017;	 Örnólfsdóttir,	 Lumsden,	 and	 Pinckney	 2004).	 Organisms	 thrive	 when	 nutrient	
availability	is	high	and	their	predation	is	low,	and	collapse	due	to	nutritional	limitations	
and	higher	predation	rates.		
Biofilm	 succession	 stages	 have	 been	 extensively	 studied	 and	 characterised.	 Initial	
bacterial	 surface	 aggregation	 and	 attachment	 is	 determined	by	Brownian	motion	 and	
deterministic	 pressures	 such	 as	 gravitational	 and	hydrodynamic	 forces	 (Beloin,	Roux,	









been	 achieved,	 quorum	 sensing	 linked	 genes	 promote	 the	 production	 of	 extracellular	






and	a	biomass	 increase	 (Teles	et	 al.	 2012),	which	attracts	 larger	organisms	 (Antunes,	
Leão,	and	Vasconcelos	2019).	Biofilm	organisms	continually	shed	into	the	environment	
in	a	process	known	as	dispersion	and	is	predominant	following	maturation.	Dispersal	can	




Lee,	 and	 Wood	 2010;	 Karatan	 and	 Watnick	 2009),	 but	 may	 still	 disperse	 into	 the	
environment	 even	 under	 unfavourable	 conditions	 to	 increase	microbial	 spread	 or	 for	
reproduction.	Changes	in	environmental,	or	biofilm	associated,	nutrient	availability	or	a	
build-up	 of	 toxic	 substances	 within	 the	 biofilm	 can	 trigger	 dispersal.	 However,	 each	
species	 prefers	 different	 conditions,	 and	 even	 then	 some	 species	 members	 remain	
present	within	the	biofilm	(J.	B.	Kaplan	2010).		
The	retention	of	successional	stages	across	all	ecosystems,	from	the	human	gut	to	water	
columns,	 is	proof	 that	 the	use	of	a	biofilm	model	 is	suitable	when	microbial	assembly	
rules	are	assessed.	Community	stage	dependent	biofilm	development	results	in	specific	
community	 successions,	 where	 one	 organism	 paved	 the	way	 for	 another,	 like	 during	
dental	 plaque	 development	 where	 Streptococcus	 mitis	 and	 Neisseria	 mucosa	 surface	


















ubiquity	 of	 biofilms.	 Biofilms	 shelter	 microorganisms	 from	 predation	 by	 providing	
physical	protection	in	the	form	of	an	EPS	matrix	(Matz	and	Kjelleberg	2005;	Justice	et	al.	




Density	 dependent	 diffusion	 gradients	 lead	 to	 decreased	 antibiotic	 and	 external	
compound	 diffusion	 penetration	 (Stewart	 2003).	 Diffusion	 gradients	 also	 lead	 to	 the	
increased	 concentrations	 of	 internal	 substances,	 such	 as	 exopolysaccharides	 and	
quorum-sensing	specific	effects,	i.e.	resistance	molecules	(Hassett	et	al.	1999;	Davies	et	
al.	 1998).	 Therefore,	 biofilms	 can	 be	 strongly	 resistant	 to	 antibiotic	 treatments	 and	
survive	within	extreme	environments	(Yin	et	al.	2019;	Tarasov	et	al.	2005;	Kostakioti,	
Hadjifrangiskou,	 and	 Hultgren	 2013).	 The	 increased	 cell	 density	 within	 biofilms,	
compared	 to	 the	 surrounding	 environment,	 also	 contributes	 to	 increased	 social	
behaviour	(Nadell,	Drescher,	and	Foster	2016),	such	as	the	 increased	concentration	of	
public	goods	and	cross-feeding	events	(Henson	and	Phalak	2017;	N.	W.	Smith	et	al.	2019;	
Dunny,	Brickman,	 and	Dworkin	2008).	 Increased	cooperative	behaviour	 increases	 the	
survival	chances	of	separate	organisms.	Therefore,	biofilms	can	more	readily	exist	within	












makes	 it	 easier	 to	 sample	 sufficient	 biomass	 levels	 opposed	 to	 other	 environmental	













an	 ecosystem	 representative	 study	 and	 are	 best	 utilised	 when	 assessing	 specific	
interactions	between	a	 limited	number	of	organisms.	 Instead	 in	situ	studies	are	better	
suited	to	capture	the	complicated,	dynamic,	and	nuanced	nature	of	community	food-webs	
(Tunney	et	al.	2012;	Polis	and	Strong	1996;	Pillai,	Loreau,	and	Gonzalez	2010).	An	open	
environment	 also	 retains	 the	 dynamic	 physicochemical	 (e.g.	 salinity,	 pH,	 and	
temperature)	and	nutrient	concentrations	of	the	ecosystem.	Additionally,	daily	cycles	are	
preserved,	 such	 as	 sunlight,	 feeding	 on	 biofilms	 by	 natural	 predators,	 and	 the	








largest	 drawback	 of	 culturing	 techniques	 is	 the	 fact	 that	 only	 a	 small	 amount	 of	 all	
 
	 11	
microorganisms	 can	 be	 cultured.	 This	 phenomenon	 is	 called	 “The	 Great	 Plate	 Count	
Anomaly”	and	was	first	described	in	1985	by	Staley	and	Konopka	(Staley	and	Konopka	
1985).	 Instead	 it	 has	 become	more	 common	 to	 use	 sequencing	 techniques	 to	 assess	
microbial	community	changes.		
Over	 the	 last	 50	 years,	 sequencing	 technology	 has	 become	 cheaper,	 faster,	 and	more	
accurate	(Heather	and	Chain	2016).	Early	commercial	sequencing	technologies,	such	as	
Sanger	sequencing,	required	gels	and	electrophoresis	to	identify	the	order	of	radio-	and	
fluorescently	 labelled	 dNTPs	 (deoxyribonucleotide	 triphosphate).	 Sanger	 sequencing	
was	a	slow	process	with	limited	sequencing	depth	(Sanger,	Nicklen,	and	Coulson	1977).	













used	 to	 determine	 phylogenetic	 distance	 while	 strictly	 conserved	 regions	 provide	
attachment	sites	for	universal	primers	(Fox	et	al.	1980;	Janda	and	Abbott	2007).	The	high	
conservation	 allows	 for	widely	 divergent	 organism’s	 rRNA	 to	 be	 sequenced	 from	 the	
same	 primers	 to	 produce	 a	 more	 representative	 community	 compared	 to	 culturing	








Bendich	 1987).	 However,	 the	 use	 of	 deep	 sequencing,	 redundant	 read	 elimination	
(rarefication),	 and	 other	 phylogeny-based	 approaches	 help	 mitigate	 some	 of	 these	
limitations	to	increase	analysis	accuracy	(Brown	et	al.	2012;	Nguyen	et	al.	2016).	Even	
with	 the	 remaining	 limitations,	 rRNA	 gene	 sequencing	 remains	 an	 important	 and	
standard	component	of	the	microbiome	toolkit	(Poretsky	et	al.	2014).	
Another	 sequencing	 approach	 that	 can	 identify	 community	 composition	 is	 shotgun	





better	 cross	 domain	 coverage	 (Laudadio	 et	 al.	 2019;	 Escobar-Zepeda	 et	 al.	 2018).	
However,	rRNA	gene	sequencing	currently	provides	better	bacterial	taxonomic	coverage	
due	to	more	comprehensive	databases	(Escobar-Zepeda	et	al.	2018),	but	this	may	change	
in	 the	 future.	 rRNA	 gene	 sequencing	 also	 has	 other	 advantages	 over	 metagenome	
sequencing.	 It	 has	 a	 lower	 false	 positive	 risk,	 due	 to	 tools	 such	 as	 dada2	 increasing	
accuracy	 and	 taxonomic	 resolution	 to	 the	 Genus-Species	 rank	 (Callahan	 et	 al.	 2016).	
dada2	utilises	an	exact	amplicon	sequence	variant	(ASV),	as	opposed	to	the	97%	cut	off	
previously	 employed.	 It	 is	 possible	 to	 decrease	 host	 DNA	 interference	 for	 amplicon	
sequencing	 with	 PCR	 cycle	 and	 primer	 changes	 (Laudadio	 et	 al.	 2019).	 rRNA	 gene	
sequencing	 remains	 the	 cheaper	 technology.	 Therefore,	 for	 the	 purpose	 of	 assessing	
microbial	 community	 composition,	 rRNA	 gene	 sequencing	 remains	 the	 superior	
technology	for	now.	
Following	 sequencing,	 the	 identified	 sequences	 are	 often	 classified	 into	 operational	
taxonomic	 units	 (OTUs)	 by	 clustering	 sequences	 at	 97%	 similarity.	 OTU	 clustering	
represents	a	disconnect	between	OTUs	and	species.	Some	organisms	display	increased	


















Arguments	 have	 been	made	 for	 and	 against	 parallels	 between	 ecological	 frameworks	
used	for	macro-	and	microbiology	(Nemergut	et	al.	2013).	However,	intrinsic	differences	
between	 microbial	 (referring	 to	 microorganisms)	 and	 macrobial	 (referring	 to	 larger	
multicellular	 organisms)	 life	 may	 play	 a	 role	 on	 assembly	 mechanisms,	 such	 as	 the	
increased	 dispersal	 of	 microbial	 life,	 increased	 genetic	 diversity	 of	 microbial	 species	
compared	to	macrobial	species,	and	the	potential	for	microbial	horizontal	gene	transfer.	
Therefore,	the	rules	determining	microbial	community	assembly	may	differ	from	those	
governing	macrobial	 assembly	and	microbial	 specific	 studies	 should	be	 carried	out	 to	
confirm	or	reject	similarities	to	the	macrobial	ecological	assembly	rules.	
Microbial	assembly	mechanism	literature	is	rife	with	contradictory	evidence,	commonly	




miss	 vital	 habitat	 components	 that	 may	 provide	 more	 information	 on	 assembly	
mechanisms	 due	 to	 information	 limits,	 and	 results	 in	 unrepresentative	 analyses	 and	
potential	 contradictions.	 Experimental	 studies	 on	 the	 other	 hand	 directly	 test	
independent	variables,	but	even	then,	contradictory	evidence	remains;	it	could	be	due	to	





predator	 exclusion	 experiments	 show	 that	 the	 presence	 of	 Pacific	 sea	 stars	 (Pisaster)	




may	 have	 been	 captured.	 The	 overall	 lack	 of	 microbial	 predation	 studies	 within	 the	










could	 improve	 community	 variance	 understanding.	 The	 same	 is	 true	 for	 top-down	
studies,	with	20-70%	of	the	total	variance	unaccounted	for	(Chow	et	al.	2014;	Livingston	
et	 al.	 2017)	 for	 both	 observational	 and	 experimental	 analyses.	 Previous	 studies	 have	
shown	 that	 the	 integration	 of	 both	 bottom-up	 and	 top-down	 controls	 decrease	
unexplained	 variance	 by	 2-34.7%	 (Bouvy	 et	 al.	 2011;	 Berdjeb,	 Ghiglione,	 and	 Jacquet	
2011).	 Omics	 technology	 advances	 have	 decreased	 the	 challenge	 of	 assessing	 viral-
bacterial	interactions	(Fernández,	Rodríguez,	and	García	2018),	so	an	increasing	number	
of	studies	focus	on	viral	microbial	community	influences.	Leaving	the	effects	of	trophic	
predation	 understudied,	 even	 though	 predation	 is	 well	 accepted	 to	 play	 a	 role	 in	
community	assembly	(Welsh	et	al.	2016;	Sherr	and	Sherr	2002).	Studies	that	do	utilise	
both	bottom-up	and	top-down	controls	often	do	not	quantify	their	relative	influence	on	








after	 establishment.	 Short-term	 studies	 therefore	 fail	 to	 assess	 long	 term	 effects	 that	
assembly	 mechanisms	 may	 have	 on	 community	 development.	 The	 lack	 of	 long-term	
studies	 is	 an	 especially	 large	 oversight	 as	 bottom-up	 and	 top-down	 control	 influence	
shifts	 over	 time,	 and	 communities	 are	 even	 known	 to	 switch	 the	 primary	 control	
mechanism	between	bottom-up	and	top-down	processes	(Meserve	et	al.	2003;	Lynam	et	
al.	2017).	Another	benefit	of	 long	term	studies	would	be	the	possibility	to	address	the	
importance	 of	 stochasticity	 on	 microbial	 communities	 in	 the	 face	 of	 deterministic	
controls	(Zhou	and	Ning	2017),	which	is	another	literature	gap.	A	long-term	study	allows	
for	 an	 initial	 stochastic	 process,	 such	 as	 biofilm	 settlement,	 to	 be	 assessed	 with	 the	
addition	of	deterministic	processes,	such	as	surface	degradability	and	predation.		
This	study	proposes	that	to	capture	community	assembly	and	increase	the	understanding	
of	 the	 fundamental	 framework	 governing	 it,	 it	 is	 important	 to	 assess	 a	 developing	






substrates	 with	 different	 degradation	 rates	 and	 physical	 properties,	 and	 top-down	
control	will	 be	 assessed	 by	 comparing	 biofilms	 in	 the	 presence/absence	 of	 a	 100	 µm	





By	 quantifying	 the	 influence	 of	 bottom-up	 and	 top-down	 controls,	 the	 fundamental	
question	of	 ‘when	and	how	do	bottom-up	and	top-down	processes	influence	microbial	
community	 assembly?’	 is	 answered.	 Based	 on	 the	 literature	 I	 hypothesised	 that	 early	
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community	 assembly	 were	 controlled	 primarily	 by	 nutritional	 and	 environmental	
requirements	(i.e.	bottom-up	controls).	In	contrast,	late	communities	are	expected	to	be	















from	 the	biofilm	community	 to	assess	 the	effects	of	 top-down	controls.	 In	addition	 to	
excluding	organisms	such	as	crustaceans,	the	mesh	enclosure	also	inhibits	the	presence	
of	microeukaryotes.	Microeukaryotes	 are	 likely	 to	 be	 the	 primary	 predators,	 as	 large	
organisms	struggle	to	consume	the	small	organisms	normally	found	within	biofilms.	The	
in	 situ	 component	 of	 the	 marine	 biofilm	 ensures	 that	 all	 natural	 predators	 (e.g.	
crustaceans,	 fish,	 and	marine	mammals)	 are	present,	 as	different	predators	may	have	
distinct	 indirect	 biofilm	 composition	 effects	 via	 trophic	 interactions.	 Thereby	 in	 situ	
component	also	provides	a	link	to	higher	trophic	levels	that	many	predation	studies	fail	
































their	 holders	 were	 either	 sewn	 into	 25.4	 x	 30.5	 cm	 100	 micron	 mesh	 enclosure	 or	
remained	 exposed.	 Substrates	 were	 submerged	 into	 Dunedin	 Harbour	 off	 Portobello	
North	Beach	 (45.826678	S,	170.641684	E),	 and	suspended	 from	a	 single	 straightened	
rope	80	cm	from	the	seabed	with	cable	ties.	Samples	remained	exposed	during	low-tide	




tile	 where	 biomass	 was	 only	 collected	 from	 the	 smooth	 side.	 Sample	 biomass	 was	
suspended	in	100	µL	sterile	milli-q	water	and	stored	at	-	80	˚C	until	further	processing.	






DNA	 was	 extracted	 using	 the	 MoBio	 DNeasy®	 PowerSoil®	 Kit	 (MoBio	 Laboratories,	
Carlsbad,	CA,	USA)	according	to	the	manufacturer’s	protocol.	Following	extraction,	DNA	
was	 dehydrated	 using	 rotary	 evaporation	 in	 an	 Eppendorf	 Concentrator	 5301	
(Eppendorf,	 Germany)	 at	 30˚C	 for	 1	 hour.	 Community	 profiles	 were	 generated	 using	
barcoded	 16S	 (targeting	 the	 V4	 region:	 515F	 (5′-
NNNNNNNNGTGTGCCAGCMGCCGCGGTAA-	 3′)	 and	 806R	 (5′-
GGACTACHVGGGTWTCTAAT-3′))	 or	 18S	 (1391f	 (5′-	 GTACACACCGCCCGTC-3′)	 and	
EukBr	 (5′-	TGATCCTTCTGCAGGTTCACC	TAC-3′))	 rRNA	gene	primers	as	per	 the	Earth	
Microbiome	Project	protocol	(Caporaso	et	al.	2012)	at	Argonne	National	Laboratory.	All	











specific	 forward	 and	 reverse	 fastq	 sequencing	 files	 were	 generated	 with	 QIIME’s	
split_sequence_file_on_sample_ids.py	command.	
All	bioinformatic	analysis	was	carried	out	using	R	version	3.6.1	within	RStudio	(R	Core	
Team	 2019),	 and	 visualised	 using	 the	 ggplot2	 (version	 3.2.1)	 (Wickham	 2016)	 and	
ggpubr	 package	 (version	 0.2.4)	 (Kassambara	 2019a)	 unless	 otherwise	 stated.	 All	
associated	 code	 and	 files	 are	 available	 at	 https://github.com/SvenTobias-
Hunefeldt/Thesis_2020/.		
16S	 and	 18S	 rRNA	 sequencing	 reads	 were	 quality	 filtered	 and	 assigned	 to	 amplicon	
sequencing	variants	(ASVs)	using	the	dada2	R	package	(version	1.12.1)	and	associated	
pipeline	 (Callahan	 et	 al.	 2016).	 ASVs	 are	 superior	 to	 the	 alternative	 operational	
taxonomic	unit	 (OTU)	method	as	 they	may	be	 resolved	exactly	 to	 capture	even	single	
nucleotide	differences	(Callahan,	McMurdie,	and	Holmes	2017b).	
Sequences	are	provided	as	forward	and	reverse	fastq	sequencing	files.	These	are	merged	




scores	 against	 nucleobase	 position.	 The	 dada2	 function	 filterAndTrim()	 was	 then	
available	to	remove	nucleotides	based	on	their	position,	specifically	where	Phred	quality	







Every	 sequencing	 run	 contains	 a	 unique	 set	 of	 error	 rates,	 the	 dada2	 function	


















phyloseq	 package	 (version	 1.28.0)	 (McMurdie	 and	Holmes	 2013)	 functions.	Metadata	
was	imported	using	import_qiime_sample_data()	and	formatted	with	sample_data(),	just	











To	 identify	 grouping	 based	 on	 developmental	 time,	 as	 the	 literature	 has	 done,	 ASV	
abundances	 were	 extracted	 from	 the	 larger	 phyloseq	 object	 and	 combined	 with	
metadata.	 All	 metadata	 except	 biofilm	 age	 was	 removed	 and	 mean	 ASV	 abundance	
calculated	 with	 summarySE()	 from	 the	 Rmisc	 package	 (version	 1.5)	 (Hope	 2013).	
Samples	were	converted	between	long	and	wide	formats	using	melt()	and	dcast()	from	






samples	 from	day	7-14	and	day	7	 for	prokaryotes	and	eukaryotes	were	calculated	 for	
each	group	based	on	the	silhouette	analysis.	
2.5.2	Alpha	diversity	quantification	
Alpha	diversity	 of	 both	16S	 and	18S	was	quantified	with	 the	use	 of	 observed	 species	
















using	 transform_sample_counts()	 from	 the	 phyloseq	 package	 to	 account	 for	 multiple	
rarefactions.	To	avoid	 fractional	 representation	of	 counts	all	data	was	 rounded	 to	 the	
nearest	possibility	using	the	round()	command	from	the	stats	package.	All	data	analysis	
used	rarefied	data	unless	otherwise	stated.	




calculated	 with	 the	 evenness	 function	 from	 the	 microbiome	 package	 (version	 1.6.0)	










Beta	 diversity	 between	 biofilm	 community	 samples	 was	 quantified	 with	 Bray-Curtis	
dissimilarity.	 Bray-Curtis	 dissimilarity	 uses	 the	 taxonomic	 composition	 to	 calculate	
differences	between	community	compositions	(Bray	and	Curtis	1957).	
Kruskal’s	non-metric	multidimensional	scaling	(NMDS)	(J.	B.	Kruskal	1964)	was	used	to	









substrate.	 With	 clustering	 by	 enclosure	 status	 instead	 of	 settlement	 substrate	 also	
visualised.	It	was	noted	that	the	axes	of	the	NMDS	plot	may	be	correlated	with	biofilm	
age,	 so	 a	 Spearman	 test	 was	 used	 to	 quantify	 the	 relationship’s	 significance.	 Sample	
coordinates	were	extracted	and	a	Spearman	correlation	test	against	biofilm	age	carried	
out,	adjusting	p	values	with	Bonferroni	corrections.	NMDS	plots	 included	only	biofilm	
samples,	 but	 some	 analyses	 also	 included	water	 column	 communities.	Water	 column	
samples	were	included	as	an	alternative	form	of	substrate	when	clustering.	Water	column	
samples	contained	a	different	nutritional	environment	much	 like	 the	different	 surface	
properties	of	the	substrates,	while	conditions	remained	non-enclosed.	
The	 vegan	 functions	 anosim()	 and	 adonis()	 were	 utilised	 to	 identify	 statistically	
significant	(p	<	0.05)	clustering	in	response	to	the	settlement	substrate,	developmental	
stage,	 biofilm	 age,	 and	 enclosure	 status.	 The	 analysis	 of	 similarities	 test	 (anosim())	







Beta	 diversity	 was	 also	 calculated	 with	 the	 direct	 use	 of	 community	 Bray-Curtis	
dissimilarity.	The	phyloseq	object	extracted	OTU	table	utilised	Bray-Curtis	dissimilarity	
to	 quantify	 compositional	 differences	 between	 each	 sample	 using	 vegdist()	 from	 the	
vegan	package.	The	use	of	melt(),	 and	 filter()	 and	mutate_if()	 from	 the	dplyr	package	
(version	0.8.3)	(Wickham	et	al.	2019)	formatted	the	data	frame	for	downstream	analysis.	
The	summarySE()	 function	was	used	 to	calculate	 the	mean,	and	standard	deviation	of	
dissimilarity	at	each	timepoint.	The	functions	group_by()	and	summarise()	 from	dplyr	
allowed	 for	 the	 easier	 calculation	 of	 means	 in	 accordance	 to	 settlement	 substrate,	
developmental	stage,	biofilm	age,	enclosure	status,	and	sequencing	differences.	
Compositional	differences	were	quantified	against	all	other	biofilm	samples	from	their	




the	 intra-timepoint	 dissimilarity.	 Wilcoxon	 rank	 sum	 tests	 were	 used	 to	 identify	
significant	mean	dissimilarity	differences	based	on	enclosure,	developmental	stage,	and	
sequencing.		





In	addition	 to	assessing	biofilm	 intra-timepoint	dissimilarity,	other	 comparisons	were	





test.	 ANCOVA	 tests	 assume:	 1)	 linearity	 between	 the	 covariate	 and	 outcome	 at	 each	
grouping	level,	2)	no	interactions	between	the	covariate	and	outcome,	3)	normal	residual	
distribution	 is	occurring,	4)	 residuals	have	a	 constant	variance,	and	5)	 the	absence	of	
significant	 outliers.	 Maturation	 rates	 were	 calculated	 using	 anova()	 from	 stats.	





















that	a	 family	approach	 lack	due	to	 less	power	for	the	analysis.	However,	phylum	level	
analyses	 cannot	 capture	 the	 fine	 precision	 associated	 with	 a	 family	 levels	 analysis.	
Therefore,	a	family	level	can	be	used	to	identify	biofilm	community	member	capabilities,	
and	 act	 as	 an	 informative	 tool	 to	 assess	 ecological	 traits.	 Biofilm	 and	 water	 column	
communities	 were	 both	 assessed	 with	 the	 same	 method,	 only	 using	 different	 data	














and	 biofilm	 abundance	 tables	 underwent	 count,	 mean,	 and	 standard	 deviation	




enclosure	status	 specific	abundances	were	 retained.	The	same	rare	 taxa	 identification	
method	was	used	as	above.	
To	 identify	 how	 many	 of	 the	 biofilm	 organisms	 were	 also	 found	 within	 the	 marine	
environment	the	biofilm	and	marine	environment	associated	organisms	were	identified.	
Marine	associated	taxa	were	renamed	within	the	biofilm	associated	data	frame,	just	as	



















dada2	pipeline	 steps.	To	 test	 the	quality	 and	 reliability	 of	 the	dada2	pipeline	 and	 the	
associated	exact	ASVs,	read	retentions	were	assessed	following	each	major	step	(Table	
S2).	 Minimal	 sequence	 loss	 was	 observed	 across	 the	 entire	 ASV	 creation	 process.	
However,	 six	 16S	 samples	 included	 higher	 non-chimera	 than	 initial	 read	 counts	 so	
samples	were	 removed	 for	 all	 following	 analysis	 due	 to	 their	 unreliability.	 Following	
removal,	a	mean	80	%	of	all	reads	were	retained	from	both	16S	and	18S	sequencing	runs,	
with	no	major	reductions	associated	with	any	one	stage.	The	high	read	retention	and	lack	








Marine	 water	 column	 communities	 remained	 stable	 throughout	 the	 study.	 No	 time	
specific	 trends	 could	 be	 identified	 when	 comparing	 intra-timepoint	 water	 column	
dissimilarity,	where	the	mean	of	all	single	timepoint	dissimilarities	to	all	communities	
from	 that	 timepoint	 were	 calculated.	 Although	 eukaryotes	 were	 shown	 to	 be	 more	
variable	compared	to	their	prokaryotic	counterparts	(Wilcox,	p	<	0.01)	(Figure	S2).	The	
relative	abundance	of	Proteobacteria	and	Bacteroidetes	remained	high	throughout	the	
study	 (a	 mean	 34	 and	 45	 %	 of	 the	 community)	 with	 minimal	 variation	 (standard	





A	 pairwise	 PERMANOVA	 test	 identified	 that	 the	 water	 column	 community	 was	
significantly	different	to	biofilm	associated	communities	(i.e.	plastic,	glass,	tile,	wood;	p	<	
0.01;	Figure	2A,	2B).	Differences	between	biofilm	and	initial	(day	0)	water	communities	






















































































































































































































































































































biosphere.	 All	 assessments	 display	 prokaryotic	 community	 components	 on	 the	 left	
panel,	 and	 eukaryotes	 on	 the	 right.	 Community	 patterns,	 based	 on	 Bray-Curtis	
dissimilarity	(A-B),	were	assessed	in	relation	to	time	and	growth	surface/environment	
(i.e.	plastic,	glass,	tile,	wood,	water	from	the	water	column).	Colours	represent	biofilm	age	
and	when	water	 column	 samples	were	 collected,	 and	 the	95	%	 confidence	 interval	 is	
shown	as	ellipses	associated	with	each	timepoint.	Different	shapes	are	associated	with	
the	different	community	sources	(i.e.	substrates/environments).	The	mean	Bray-Curtis	
dissimilarity	 between	 biofilm	 and	 water	 column	 communities	 (e.g.	 day	 7	 biofilm	
communities	 were	 assessed	 against	 day	 7	 water	 column	 communities,	 while	 day	 42	
biofilm	 communities	 were	 assessed	 against	 day	 42	 water	 column	 communities)	 are	
shown	over	the	course	of	the	study	(C-D),	where	error	bars	represent	the	standard	error	
of	mean	dissimilarity.	Also	shown	is	the	ratio	increase	of	organisms	at	the	phylum	level	
from	 the	 water	 column	 compositions	 abundance	 to	 mean	 biofilm	 abundances	 in	 a	
substrate	and	enclosure	status	dependent	manner	(E-F).	The	type	of	line	(solid,	points,	








Biofilm	 compositions	 were	 best	 divided	 into	 unstable	 early,	 and	 more	 stable	 late	
successions.	Silhouette	analyses	compare	an	object’s	(i.e.	sample	composition)	similarity	
to	both	its	own	and	other	clusters	to	determine	optimum	cluster	separation.	A	high	value	








days	 7-14	 and	 the	 other	 days	 19-56	 (Figure	 S6).	While	 silhouette	 analyses	 could	 not	
identify	 significant	 eukaryote	 clustering	 (Table	 S4),	 both	 prokaryotic	 and	 eukaryotic	











(Wilcox,	 W	 =	 408,	 p	 <	 0.01)	 significantly	 increased	 in	 richness	 from	 early	 to	 late	
development	stage	(Figure	3A,	3B),	confirmed	with	a	pairwise	wilcox	test.	Prokaryotic	
day	 7	 and	 14	 richness	 levels	 were	 significantly	 lower	 (pairwise	 Wilcox,	 p	 <	 0.05)	
compared	to	all	other	samples	with	the	except	of	the	day	14	to	19	comparison.	Similarly,	
eukaryotic	 day	 7	 samples	 contained	 significantly	 lower	 (pairwise	 Wilcox,	 p	 <	 0.05)	
richness	 levels	 compared	 to	 all	 other	 samples,	 with	 the	 exception	 of	 day	 14.	 Similar	








within	 the	 surrounding	 water	 column,	 which	 displayed	 an	 average	 intra-timepoint	
dissimilarity	of	17	and	50	%	for	prokaryotes	and	eukaryotes	(Figure	S2).	Therefore,	stage	











































































































Figure	 4.	 Community	 variability	 decreases	 over	 time.	








To	 test	 the	 hypothesis	 that	 predation	 (top	 down)	 drives	 community	 richness	 and	








0.01)	 increased	 richness	 (+316	 prokaryotes	 and	 135	 eukaryotes)	 within	 enclosed	
biofilms.	
Meanwhile,	 evenness	 patterns	 differed	 between	 prokaryotes,	 which	 increased	
(Spearman,	rho	=	0.42,	p	<	0.01),	and	eukaryotes,	which	decreased	(Spearman,	rho	=	-
0.28,	 p	 <	 0.01)	 evenness	 (Figure	 3C,	 3D).	 Richness	 patterns	 were	 repeated	 for	 stage	












Differences	 between	 wood	 and	 inert	 substrates	 were	 responsible	 for	 the	 identified	
substrate	effects.	Pairwise	comparisons	mainly	identified	differences	between	wood	and	






differences	 between	 wood	 and	 plastic,	 while	 all	 other	 substrates	 contained	 similar	
prokaryote	 and	 eukaryote	 numbers	 (Figure	 3A,	 3B).	Meanwhile,	 significant	 substrate	





(ANOSIM,	 R	 =	 42,	 p	 <	 0.01),	 this	 was	 also	 true	 when	 considering	 both	 the	 mean	
dissimilarity	and	dispersion	(ADONIS;	prokaryotic,	R2	=	0.26,	p	<	0.01;	eukaryotic,	R2	=	







Communities	 steadily	 diverged	 from	 their	 early	 compositions	 towards	 their	 day	 56	
compositional	 patterns.	 Comparing	 all	 samples	 to	 day	 7	 biofilm	 samples	 showed	 a	
significant	increase	in	dissimilarity	over	time	for	both	prokaryotes	(Kruskal-Wallis,	chi2	
=	 34,	 p	 <	 0.01)	 and	 eukaryotes	 (Kruskal-Wallis,	 chi2	 =	 31,	 p	 <	 0.01;	 Figure	 5C,	 5D).	
Enclosed	conditions	showed	that	eukaryotes	were	5	%	more	dissimilar	than	prokaryotes	
when	compared	to	day	7	compositions.	Meanwhile	dissimilarity	comparisons	to	day	56	
communities	showed	a	shift	 towards	a	 final	composition	 in	an	age	dependent	manner	
(Kruskal-Wallis;	prokaryotic,	chi2	=	41,	p	<	0.01;	eukaryotic,	chi2	=	35,	p	<	0.01)	(Figure	
5E,	 5F).	No	other	 conditions	 showed	either	 a	 significant	 substrate	 or	 enclosure	 effect	
when	comparing	to	day	7	or	56	communities	(p	>	0.08).		





















































































































































































































































































































Figure	6.	ASV	sharing	between	biofilms	 increases	over	 time,	 independent	of	 the	
primary	selective	pressure.	The	number	of	prokaryotic	and	eukaryotic	organisms	(i.e.	
ASVs)	shared	between	communities	across	substrates	(A)	and	the	enclosure	status	(B)	







Differences	 between	 early	 communities	were	 larger	 than	 those	 for	 late	 communities.	
Assessment	of	biofilm	age	grouping	for	prokaryotes	by	three	groups	resulted	in	separate	
day	seven,	and	14	samples	groups,	with	all	other	timepoints	making	up	the	third	group	











Richness	variability	decreased	by	32	and	63	%	 from	day	7	 to	56	 for	prokaryotes	and	
eukaryotes	 (Figure	 3A,	 3B),	meanwhile	 evenness	 decreased	 by	 7.4	 and	 9	%	 over	 the	








and	 then	 both	 substrates	 and	 enclosure	 status	 (top-down),	 this	 study	 assessed	 the	
correlation	 between	 each	 selective	 pressure	 and	 community	 dissimilarity	 to	 quantify	
their	 relative	 influence.	 Early	 compositional	 patterns	 were	 strongly	 correlated	 with	
substrate	types	(Table	1),	specifically	differences	were	found	between	wood	and	inert	




1),	 rather	 than	 compositions	 equally	 influenced	by	both	 substrates	 and	 the	 enclosure	








Table	 1.	 ANOSIM	 and	 ADONIS	 tests	 compare	 time,	 substrate	 and	 enclosure	

































































compositional	 selective	 pressure.	 Early	 wood	 communities	 were	 composed	

















from	 23	 to	 18	%,	 and	 wood	 associated	 Cyanobacteria	 from	 32	 to	 22	%	 [Table	 S5]).	
Meanwhile,	 mixotroph	 and	 heterotroph	 relative	 abundance	 increased	 with	


























































































































Early	wood	 contained	 increased	 levels	 of	 heterotrophs,	 unlike	 inert	 substrates	which	
favoured	 autotrophic	 growth.	 Colwelliaceae	 and	 Cellvibrionaceae	 (both	 heterotrophic	
Proteobacteria)	 were	 more	 abundant	 on	 early	 wood	 compared	 to	 inert	 substrates,	
whereas	Bacillariophyceae	 (an	 autotrophic	Ochrophyta	diatom)	was	 less	 abundant	on	





such	 as	 more	 rapid	 Cellvibrionaceae	 abundance	 decreases	 within	 non-enclosed	
conditions.	 Other	 heterotrophs	 such	 as	 Oligohymenophorea	 and	 Hypotrichia	 (both	
Ciliophora)	were	more	abundant	on	enclosed	biofilms;	whereas	autotrophs,	specifically	
the	Ochrophyta	diatoms	Bacillariophyceae	and	Fragilariales	were	more	abundant	under	


















































































































compositions	 over	 time.	 The	 following	 text	 will	 discuss	 why	 this	 study	 supports	 the	
hypothesis	 that	 early	 successions	 are	 driven	 primarily	 by	 bottom-up	 pressures	 (i.e.	
substrate	properties),	but	did	not	support	equal	 influence	of	bottom-up	and	top-down	
(large	 [>	100µm]	predator	presence)	 late	 community	pressures.	How	 late	 community	
differences	were	 driven	 primarily	 by	 top-down	 processes,	 and	 assembly	mechanisms	
switched	from	a	bottom-up	to	top-down	approach.	Also	conferred	will	be	why	a	bottom-
up	control	analysis	may	be	sufficient	 to	assess	drivers	of	early	unstable	 communities,	
while	 top-down	 controls	 are	 recommended	 when	 assessing	 established,	 stable	
communities.	Furthermore,	the	text	will	affirm	how	the	inclusion	of	both	bottom-up	and	
top-down	 selective	 pressures	 to	 assess	 compositions	 leads	 to	 increased	 explainable	
variance,	 and	 allowed	 for	 an	 integrated	 understanding	 of	 microbiome	 assembly	
mechanisms.	
4.1	Rapid	deterministic	community	successions	decrease	early	stochasticity	























the	 marine	 water	 and	 biofilm	 niches	 could	 also	 lead	 to	 the	 differential	 success	 and	
organism	abundances	between	the	two	communities.		
The	recruitment	of	marine	organisms	into	biofilms	is	primarily	a	stochastic	process.	High	












However,	 the	 existence	 of	 saturated	 ecosystems	 remains	 heavily	 debated,	 with	 some	
arguing	 that	 unsaturated	 communities	 are	 the	 rule	 rather	 than	 the	 exception	 (Mateo,	
Mokany,	and	Guisan	2017).		





2007;	 Pratt	 and	 Kolter	 1998).	 The	 requirement	 for	 surface	 adhesion	 capability,	 a	
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deterministic	 selective	 pressure,	 is	 most	 obviously	 seen	 in	 the	 recruitment	 of	 the	
Planctomycetes	phylum	(Lage	et	al.	2014),	which	were	found	at	relative	abundances	3-
40	times	higher	within	biofilms	compared	to	within	the	water	column.	Planctomycetes	
growth	 occurs	 in	 a	 cycle	 of	 sessile	 and	 flagellated	 cells	 (Lage	 et	 al.	 2014),	 where	
flagellated	 cells	 are	 responsible	 for	 organism	 dispersion,	 while	 settler	 cells	 attach	 to	
surfaces	 for	 the	 purpose	 of	 reproduction.	 These	 flagellated	 Planctomycetes	 swimmer	
cells	 have	 been	 associated	 with	 chemotaxis	 and	 could	 explain	 the	 stronger	 increase	
(Kostakioti,	Hadjifrangiskou,	and	Hultgren	2013)	compared	to	other	taxa.	Other	highly	










share	 stages	 of	 succession,	 but	 this	 was	 not	 the	 case.	 Eukaryotes	 tend	 to	 be	 less	
metabolically	 diverse	 than	 prokaryotes	 (Carlile	 1982).	 Eukaryotes	 may	 be	 less	





majority	 may	 experience	 delayed	 recruitments	 as	 opposed	 to	 the	 early	 colonisers	
responsible	for	biofilm	formation.	Delayed	eukaryotic	recruitment	may	also	be	due	to	the	





In	 addition	 to	 reduced	 metabolic	 range,	 organisms	 from	 the	 Eukaryotic	 domain	 are	




(Agutter	 and	 Wheatley	 2004).	 Heterotrophic	 organisms	 also	 suffer	 from	 trophic	
inefficiency,	defined	as	the	energy	loss	that	occurs	when	energy	is	transferred	between	
trophic	 levels,	 and	may	 explain	why	 large	 predatory	 organisms,	 such	 as	 Arthropoda,	
could	not	be	identified	within	earlier	communities	(Lindeman	1942).	Both	the	increased	
size	and	trophic	inefficiency	mean	that	heterotrophic	eukaryotes	require	more	biomass	
to	 sustain	 their	 population,	 biomass	 that	 cannot	 be	 found	within	 very	 early	 biofilms	
(Antunes,	Leão,	and	Vasconcelos	2019)	.		
The	delayed	eukaryotic	recruitment	is	most	obvious	with	a	taxonomic	assessment	of	the	
biofilm	 composition	 over	 time,	with	 low	 eukaryotic	 heterotroph	 abundance	 at	 day	 7,	
while	prokaryotic	heterotrophs	are	found	at	a	higher	abundance	(Figure	7,	8).	The	day	7	
eukaryotic	 compositional	 group	 could	 therefore	 represent	 a	 lack	 of	 eukaryotic	
heterotroph	recruitment,	with	the	subsequent	addition	of	heterotrophic	eukaryotes	at	
day	14	contributing	to	the	largest	ecotone	divider	identified	compositional	shift.	Intra-
timepoint	 dissimilarity	 analyses	 also	 show	 a	 rapid	 decrease	 in	 the	 mean	 prokaryote	
dissimilarity	from	days	7	to	14,	which	was	absent	from	eukaryotes,	possibly	as	stochastic	
recruitment	was	still	ongoing	(Figure	4).	Additionally,	a	 lower	dissimilarity	was	found	
between	 the	 eukaryotic	 water	 column	 and	 biofilm	 communities	 compared	 to	 their	















4.1.4	 Deterministic	 community	 successions	 result	 in	 community	 composition	
convergence.	
Community	 succession	 has	 been	 shown	 to	 result	 in	 two	 outcomes:	 divergence	 or	
convergence,	 which	 can	 be	 identified	 by	 the	 variability	 between	 replicates	 and	
compositional	dissimilarity	across	conditions	over	time.	Divergence	refers	to	an	increase	





increased	 early	 community	 variability,	 from	 the	 human	 gut	 microbiome	 to	 marine	
systems.	 Human	 studies	 found	 that	 within	 3	 years	 post-birth	 the	 gut	 microbiome	
resembled	 that	 of	 an	 adult,	 across	 socio-economic,	 geographic,	 and	 cultural	 settings.	
Interpersonal	composition	variances	were	greater	at	a	young	age	compared	to	between	
adults,	 even	 though	 bacterial	 diversity	 increased	 with	 age	 (Yatsunenko	 et	 al.	 2012).	
Koenig	et	al,	2011,	confirmed	the	smooth	temporal	relationship	between	phylogenetic	
diversity	and	age,	even	when	diet	or	health	changes	drastically	altered	compositions	in	a	
predictable	 manner	 (Koenig	 et	 al.	 2011).	 Bifodobacteria	 abundance	 decreased	 with	
reduced	milk	 intake	as	 lactose	became	a	 smaller	dietary	 component	and	 therefore	 its	
degradation	 became	 a	 less	 vital	 energy	 source	 (Koenig	 et	 al.	 2011;	 Yatsunenko	 et	 al.	
2012).	 Bioreactor	 tests	 showed	 the	 same	 trend,	 where	 increased	 selective	 pressures	
resulted	 in	 decreased	 stochasticity	 (Van	 Der	 Gast,	 Ager,	 and	 Lilley	 2008).	 Different	
bioreactors	 were	 utilised	 as	 independent	 habitats	 and	 wastewater	 concentration	
increases	acted	as	a	selective	pressure.	Increased	wastewater	resulted	in	taxa	turnover	
decreases,	 thereby	 decreasing	 stochasticity.	 In	 order	 to	 identify	 convergence,	 studies	





established	 communities	 are	 not	 limited	 to	 the	 human	 microbiome,	 heterotroph-
autotroph	 interactions	 are	 more	 consistent	 and	 sustainable	 in	 older	 as	 opposed	 to	
younger	systems	(Christie-Oleza	et	al.	2017).		
The	 increased	 stability	 over	 time	 that	 leads	 to	 convergence	 has	 been	 found	 to	 be	
dependent	on	the	species	pool,	the	ecosystems	connectivity,	productivity,	and	selective	






The	present	 study	 confirmed	 increased	early	 community	 variability	with	4	measures:	










interval	 shrunk	 with	 increased	 biofilm	 age	 (Figure	 5A,	 5B).	 The	 increased	 late	





(Figure	 5A,	 5B).	 Prokaryotic	 and	 eukaryotic	 NMDS1	 coordinates	 were	 significantly	






been	 noted	 that	 ASV	 sharing	 across	 enclosures	 is	 higher	 than	 across	 substrates.	 This	
disparity	 is	 likely	 an	 artefact	 of	 the	 lower	 number	 of	 samples	 compared	 across	 the	
enclosure	 status,	 often	 comparing	 6	 samples	 (enclosed	 and	 non-enclosed	 triplicates)	
instead	of	12	(triplicates	of	all	four	substrates).	The	community	has	also	been	shown	to	
steadily	 shift	 away	 from	 its	 early	 composition	 over	 time,	 moving	 towards	 a	 final	
compositional	 pattern.	 Displayed	 with	 the	 rapid	mean	 dissimilarity	 increase	 to	 early	
compositions	(Figure	5C	5D),	while	mean	dissimilarity	to	day	56	compositions	decreased	
by	32	 and	23	%	 for	prokaryotic	 and	 eukaryotic	 community	 components,	 respectively	
(Figure	5E,	5F).		
Deterministic	processes	cause	succession	 through	continual	 filtering.	Previous	studies	
have	 identified	 that	 successive	 selective	 pressures	 and	 therefore	 niche	 selection	 can	




on	 inert	 substrates	 (plastic,	 glass,	 tile)	 are	 predominantly	 autotrophic	 as	 no	 inherent	
nutritional	 source	exists	on	 these	 substrates.	Meanwhile	wood	 is	more	degradable	by	
heterotrophs	 and	 can	 still	 recruit	 autotrophs.	 As	 selective	 pressures	 act,	 the	 same	
organisms	 are	 selected	 from	 the	 available	pool	 of	 organism	 to	 fill	 identical	 functional	
niches,	as	shown	by	the	increased	ASV	sharing	between	both	mesh	status	and	substrates	
over	 time.	 Functional	 niche	 sharing	 also	 explains	 how	ASV	 sharing	 across	 enclosures	




they	 are	 outcompeted	 by	 other	 heterotrophs	 for	wood	 associated	 organic	molecules.	
However,	 they	 are	 present	 at	 a	 higher	 abundance	 within	 inert	 substrates	 as	 other	
heterotrophs	may	 rely	 on	 organic	 carbon	bonds	 for	 their	 energy	 requirements,	while	








Preconditioning	 has	 been	 shown	 to	 contribute	 to	 convergence	 (Pagaling	 et	 al.	 2014).	
Preconditioning	 in	 this	 study	 involves	 the	 marine	 habitat	 specialised	 microbial	 seed	










biosphere	 composition	 (Alonso-Sáez	 et	 al.	 2009)	 and	 therefore	 which	 organisms	 are	




Biofilms	 are	 known	 to	 disperse	 their	 organisms	 via	 a	 range	 of	 processes	 including	
sloughing	(Lappin-Scott	and	Bass	2001;	Paul	Stoodley	et	al.	2001;	S.	Wilson	et	al.	2004)	
and	seeding	(Ma	et	al.	2009;	Boles,	Thoendel,	and	Singh	2005).	Previous	studies	have	not	
assessed	 the	 effects	 of	 dispersal	 on	 the	 surrounding	 community	 in	 an	 environmental	
context.	The	release	of	organisms	into	the	environment	would	have	resulted	in	increased	













as	 they	 are	 predominantly	 larger	 predators.	 The	 presence/absence	 of	 these	 larger	
predatory	organisms	caused	diversity	and	compositional	differences	between	enclosed	
and	 non-enclosed	 communities.	 General	 predation	 is	 dependent	 on	 predator-prey	
encounter	 rates	 directly	 proportional	 to	 relative	 abundance	 (Canter	 et	 al.	 2018),	 as	 a	
result	 evenness	 does	 not	 change	 as	 relative	 abundances	 remain	 unaffected.	 General	
predation	 does	 affect	 richness,	 driving	 organisms	 below	 detectable	 limits.	 Selective	
predation	however,	has	been	shown	to	increase	and	decrease	diversity,	depending	on	the	
target	 organism	 and	 the	 relative	 abundance	 of	 the	 target	 and	 predatory	 organism	




on	 microbial	 diversity	 remain	 relatively	 unexplored,	 but	 the	 underlying	 ecological	
principles	are	unlikely	to	change.	Previous	studies	have	found	that	evenness	increased	
when	 targeting	 more	 abundant	 organisms	 (Canter	 et	 al.	 2018),	 as	 less	 abundant	
organisms	easier	to	detect.	Additionally,	richness	may	also	increase	as	detection	becomes	
easier.	The	opposite	is	also	true,	with	decreased	evenness	when	targeting	rare	organisms,	




decrease	 the	 detection	 of	 other	 organisms,	 thereby	 decreasing	 overall	 evenness	 and	
richness.		
The	 present	 study	 suggests	 that	 predation	 decreased	 richness	 by	 targeting	
predominantly	 heterotrophs	 such	 as	 Ciliophora	 and	 Bacteroidetes.	 As	 a	 result,	
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autotrophs	 grew	 uninhibited,	 and	 thus	 numerically	 dominated,	 which	 masked	 the	
detection	of	other	organisms	to	result	in	an	overall	richness	decrease.	The	presence	of	
enclosure	 dependent	 evenness	 effects	 indicates	 that	 selective	 predation	 occurred.	
Heterotrophs	 are	 more	 abundant	 within	 enclosed	 communities,	 but	 were	 selectively	














McFeters,	 and	 Marshall	 1990).	 Increased	 protection	 and	 surface	 area	 increase	 the	
number	 of	 organisms	 present	 and	 identifiable	 above	 sequencing	 detection	 limits.	
Richness	differences	remain	throughout	the	study,	as	wood	is	continually	degraded	and	
inert	substrate	communities	continue	to	rely	solely	on	autotrophic	production.	Similarly,	
wood	 displays	 decreased	 evenness	 compared	 to	 inert	 substrates	 due	 to	 the	 wood	
community	 focus	 on	 heterotrophic	 degradation,	 such	 as	 Proteobacteria,	 capable	 of	
degrading	wood,	and	dominate	its	community	regardless	of	enclosure	status	or	age.	It	is	
possible	 that	 inert	 substrates	 instead	 host	 more	 even	 communities	 as	 autotrophic	
generation	must	occur	 to	host	a	 large	abundance	of	heterotrophs,	unlike	wood	where	
organic	carbon	is	available	in	larger	quantities.	
Diversity	 differences	 between	 substrates	 are	 predation-dependent,	 as	 diversity	
differences	between	substrates	could	only	be	identified	within	either	enclosed	or	non-
enclosed	communities,	but	not	both	simultaneously.	A	substrate	richness	difference	was	




Diversity	 differences	 between	 substrates	 were	 more	 obvious	 in	 enclosed	 conditions,	
where	 predators	 are	 unable	 to	 prune	 communities	 compared	 to	 their	 predated	
counterparts.	No	substrate	dependent	eukaryotic	evenness	effects	 could	be	 identified,	








Bray-Curtis	 dissimilarity	 analyses	 within	 this	 study	 indicate	 significant	 composition	
differences	 between	 wood	 and	 inert	 substrates.	 Statistical	 evidence	 in	 the	 form	 of	
ANOSIM,	PERMANOVA,	and	pairwise	MANOVA	tests	showed	that	substrate	differences,	
rather	 than	 the	 enclosure	 status,	 could	 best	 explain	 compositional	 differences	within	
early	communities	(Table	1).		
The	 increased	surface	 roughness	of	wood	may	have	 led	 to	 increased	colonisation	and	
therefore	compositional	differences.	However,	degradation	differences	likely	played	the	
largest	role	in	determining	early	compositions.	Wood	is	the	only	material	that	degrades	
on	 a	 timescale	 relevant	 to	 this	 study	 (56	 days)	 (Reinprecht	 2016;	 D.	 L.	 Kaplan,	
Hartenstein,	 and	 Sutter	 1979;	 Feeney,	 Curran,	 and	 O’Muircheartaigh	 1992).	 Other	
materials	 taking	 years	 to	 degrade	 naturally	 in	 the	 environment	 (Valentín	 et	 al.	 2010;	
Shashoua	2006;	T.	P.	Silva,	Figueiredo,	and	Prudêncio	2013;	Carmona	et	al.	2005).	The	
degradation	 of	 wood	 provided	 an	 additional	 nutrient	 source	 and	 resulted	 in	
compositional	differences,	as	without	an	organic	carbon	source,	inert	substrate	biofilms	
are	 dependent	 on	 environmental	 carbon	 sources	 (e.g.	 CO2).	 The	 degradation	 of	wood	
requires	 lignocellulose	 degraders	 previously	 identified	within	 the	 Proteobacteria	 and	
Bacteroidetes	phylum	(Ransom-Jones	et	al.	2017;	Bredon	et	al.	2018)	that	degrade	wood	
through	the	use	of	primarily	aerobic	mechanisms	(M.	A.	Wilson	et	al.	1993).	The	present	




phyla	 but	 at	 much	 lower	 abundances.	 Inert	 substrate	 communities	 are	 instead	
predominantly	made	up	of	autotrophs	(i.e.	Cyanobacteria,	Ochrophyta),	and	identifying	




organism	 traits	 determined	 community	 compositions,	 and	 phyla	 trends.	 Euglenozoa	
(otherwise	known	as	Euglenida)	have	been	 identified	at	a	higher	abundance	on	wood	
than	 on	 inert	 substrates,	 even	 though	 at	 the	 phylum	 level	 they	 are	 primarily	
autotrophically	 inclined	 (Taylor	 and	 Sanders	 2010;	 Maddison,	 Schulz,	 and	 Maddison	
2007).	 However,	 a	 family	 level	 analysis	 showed	 the	 associated	 taxonomy	 to	 be	 the	
heterotrophic	Neobodonida	 (Del	 Giorgio,	 Gasol,	 and	 Kirchman	 2018).	 Colwelliaceae,	 a	
Proteobacteria	 family,	are	 facultative	anaerobes	 that	specialise	 in	chemoorganotrophy	
(Ivanova,	Flavier,	and	Christen	2004),	and	are	 therefore	expected	and	 found	at	a	high	
abundance	 within	 wood	 communities.	 Inert	 substrates	 also	 show	 high	 Colwelliaceae	
abundances,	but	are	 twice	as	variable	as	 their	wood	counterparts.	 It	 is	possible	 that	a	
Colwelliaceae	 presence	 may	 depend	 on	 the	 presence	 of	 other	 organisms,	 potentially	











heterotrophic	 families	 could	 have	 outcompeted	 them,	 such	 as	 Phyllopharyngea,	 a	
predatory	 and	 therefore	 heterotrophic	 Ciliophora,	 which	 are	 highly	 abundant	 within	
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inert	 substrates.	 Meanwhile,	 eukaryotic	 autotrophs	 were	 highly	 abundant	 across	 the	
study,	both	at	the	phylum	and	family	level.	
Phyllopharyngea	could	not	be	identified	at	high	abundances	within	wood,	but	dominated	
inert	 substrate	 communities.	 The	 absence	 of	 Phyllopharyngea	 could	 be	 attributed	 to	
wood’s	 normally	 heterotrophic	 community,	 where	 the	 niche	 is	 already	 filled	 and	 the	
addition	 of	 Phyllopharyngea	 therefore	 rebuffed.	 A	 better	 explanation	 considers	 the	
degradation	 focus	 of	 the	 wood	 associated	 biofilm	 community.	 The	 Phyllopharyngea	
family	are	made	up	of	marine	epizootes	and	algivorous	organisms	(Taylor	and	Sanders	














associated	 organisms	 can	 utilise	 wood’s	 diffusing	 molecules,	 while	 inert	 substrate	
community	 members	 must	 rely	 predominantly	 on	 the	 autotrophically	 produced	
nutrients	derived	 from	settled	organisms.	Biofilm	density	 increases	 lead	 to	decreased	
molecule	availability;	thus,	outer	community	members	must	now	rely	on	autotrophically	
produced	 nutrients.	 Inert	 substrate	 biofilm	 density	 also	 increases	 over	 time,	 and	
autotrophic	organisms	must	remain	exposed	to	light	in	order	to	utilise	their	autotrophic	
potential.	Meanwhile	deeper	aphotic	layers	are	likely	to	recruit	heterotrophic	organisms,	










composition	 patterns	 are	 best	 correlated	 with	 the	 enclosure	 status	 rather	 than	
differences	between	substrates	(Figure	3,	S7;	Table	1).	Late	enclosed	communities	were	
dominated	by	heterotrophs	such	as	Ciliophora	and	Arthropoda,	whereas	non-enclosed	
conditions,	 where	 predation	 from	 larger	 organisms	 can	 occur,	 exhibited	 increased	
autotroph	levels	(such	as	Ochrophyta	and	Cyanobacteria).	The	compositional	differences	




weakly	 homeostatic	 stoichiometric	 C:P	 (carbon	 to	 phosphorous)	 and	 C:N	 (carbon	 to	




energy	 sources	 autotrophs	 use,	which	 result	 in	 a	 larger	 chemical	 variability,	whereas	
heterotrophs	 tend	 to	 only	 utilise	 living	 or	 recently	 living	 sources	 (Sterner	 and	 Elser	
2008).	The	 living	and	 recently	 living	 sources	exist	within	much	narrower	 ranges,	 and	
therefore	 heterotrophs	 display	 a	 comparatively	 stable	 stoichiometric	 homeostasis.	
However,	stoichiometric	variability	does	not	depend	solely	on	primary	carbon	sources,	











between	 Arthropoda	 and	 Ciliophora	 (Broglio	 et	 al.	 2004),	 and	 between	 protists	 (i.e.	
nanoflagellates)	and	bacterial	organisms	(Yang	et	al.	2018).	In	addition	to	the	Ciliophora	
relationship	with	Arthropoda,	a	predation	chain	may	exist	within	this	study,	based	on	
known	 behaviours,	 prey	 selection,	 and	 identified	 inverse	 relationships.	 Autotrophic	
Ochrophyta	 are	 recruited	 to	 the	 substrate	 surface,	 grow,	 and	 are	 then	 consumed	 by	
Ciliophora,	 which	 are	 in	 turn	 eventually	 consumed	 by	 Arthropoda.	 Arthropoda	 then	
provide	 a	 link	 to	 larger	 predators	 that	 were	 not	 captured	 within	 this	 study,	 such	 as	
harbour	fish.		
At	 the	 phylum	 level,	 eukaryotic	 organism	 patterns	 are	 more	 strongly	 linked	 with	
enclosure	effects	than	those	of	prokaryotes.	Possibly	due	to	the	larger	size	of	eukaryotes	
and	that	the	identified	organisms	were	primarily	predators,	and	preferentially	targeted.	
However,	 the	 narrower	 eukaryotic	 metabolic	 range	 compared	 to	 the	 immense	






7),	 specifically	 Bacillariophyceae	 (Figure	 8).	 While	 individual	 families	 such	 as	
Fragilariales	 may	 experience	 abundance	 decreases	 under	 both	 enclosed	 and	 non-
enclosed	conditions,	 the	autotroph/heterotroph	patterns	remain	distinct.	Fragilariales	
abundance	decreased	by	 11	%	within	 enclosures,	while	 only	 by	 3	%	 in	 non-enclosed	
conditions.	The	smaller	decrease	means	that	Fragilariales	are	5	%	more	abundant	under	
non-enclosed	versus	enclosed	conditions.		







decreased	 within	 late	 non-enclosed	 wood	 communities	 while	 enclosed	 conditions	
retained	 higher	 levels	 with	 a	 more	 gradual	 decrease.	 The	 heterotrophic	 Ciliophora	
families	were	notably	more	abundant	under	late	enclosed	conditions,	whereas	late	non-
enclosed	 conditions	 were	 instead	 dominated	 by	 Ochrophyta	 (specifically	
Bacillariophyceae).		
Mitochondrial	 sequences	have	previously	been	 associated	with	 a	 eukaryotic	 presence	
due	 to	 endosymbiosis.	 Higher	 mitochondrial	 abundance,	 as	 was	 noted	 under	 non-
enclosed	 conditions,	 could	 therefore	 be	 associated	 with	 the	 presence	 of	 eukaryotic	
organisms,	or	a	lack/decrease	of	their	degradation.	Degradation	differences	could	be	due	












level,	 where	 the	 identified	 Ciliophora	 family	 members,	 Oligohymenophorea,	
Phyllopharyngea,	and	Hypotrichia,	tend	to	make	up	a	larger	proportion	of	the	enclosed	
community	 over	 time.	 Ciliophora	 are	 bacterivorous	 organisms	 that	 target	 organisms	
smaller	 than	 themselves	 in	 two	 ways:	 direct	 predation	 and	 absorption	 (Taylor	 and	
Sanders	 2010).	 The	 identified	 Ciliophora	 family	 members,	 Oligohymenophorea,	
Phyllopharyngea,	and	Hypotrichia,	 tend	to	utilise	direct	predation	and	are	a	mixture	of	
microphagous	(with	no	prey	preference),	marine	epizootes,	and	algivorous	(Taylor	and	
Sanders	 2010),	 and	 therefore	 their	 increased	 abundance	 over	 time	 is	 expected.	 Of	
interest	is	the	presence	Arthropoda	not	only	in	the	non-enclosed	but	also	within	enclosed	




then	 hatch.	 This	would	 also	 explain	 their	 delayed	 presence	 in	 comparison	with	 non-
enclosed	conditions.		
Large	organisms	are	usually	recruited	to	more	mature	and	therefore	later	communities	













Thomas	 et	 al.	 2011a).	 The	 identified	 Bacteroidetes	 families	 Saprospiraceae	 and	
Flavobacteriaceae	 increased	 in	 abundance	 over	 time.	 Both	 families	 are	
chemoorganotrophs	 that	utilise	predominantly	 aerobic	 respiration	and	are	 capable	of	





on	 the	 relative	 correlation	 strength,	 community	 development	 at	 each	 of	 these	 stages	
corresponded	to	a	particular	selective	pressure.	With	the	consideration	of	compositional	
relative	abundance	 changes	 it	was	possible	 to	develop	a	microbiome	assembly	model	
(Figure	9).		
Coloniser	 surface	 settlement	 is	 primarily	 a	 stochastic	 process	 once	 deterministic	
requirements	 such	 as	 surface	 adherence	 have	 been	 satisfied,	 and	 results	 in	 variable	
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communities.	 Prokaryotes	 make	 up	 the	 majority	 of	 primary	 colonisers,	 and	 are	
predominantly	responsible	for	biomass	increases	until	early	eukaryotic	recruitment	can	
occur,	which	follows	the	same	stochastic	trend.	A	lack	of	selective	pressures	would	lead	




affecting	 compositional	 patterns	 in	 a	 bottom-up	 (i.e.	 substrate	 surface	 property)	
dependent	manner.	
Following	 early	 selection,	 communities	 are	 unstable	 and	 rapidly	 shift	 in	 response	 to	
successions	 and	 continuous	 niche	 development.	 Successions	 over	 time	 result	 in	





predation)	 selection	 followed	 the	 earlier	 bottom-up	 selection.	 The	 top-down	 filtering	
event	 could	 have	 built	 on	 the	 bottom-up	 dependent	 compositional	 patterns	 and	 both	
selective	pressures	would	be	equally	important	in	determining	composition	(Figure	9C).	
However,	 this	 was	 not	 the	 case	 as	 the	 late	 compositional	 patterns	 were	 not	 equally	
correlated	with	both	selective	pressures.	As	niches	saturate	and	biomass	increased,	early	
bottom-up	differences	shrunk,	while	top-down	influence	increased	to	cause	successive	
filtering	 (Figure	 9D,	 9E).	 These	 findings	 agree	 with	 previous	 micro-aggregate	
experiments	 (Datta	 et	 al.	 2016)	 where	 early	 communities	 selected	 for	 motility	 and	





bottom-up	 dependent	 manner.	 Increased	 heterotrophic	 biomass	 results	 in	 a	 second	
round	of	recruitment,	this	time	attracting	large	predatory	organisms	from	higher	trophic	
levels	 (Figure	 9E).	 Heterotrophs	 are	 preferentially	 targeted	 due	 to	 their	 decreased	
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stoichiometric	 variance	 and	 closer	 match	 to	 predatory	 stoichiometry.	 Predation	 on	
heterotrophs	 results	 in	 increased	 autotroph	 abundance	 and	 subsequent	 top-down	
dependent	compositional	differences.		
Both	 bottom-up	 and	 top-down	 selective	 pressures	 contribute	 to	 the	 identified	
community	 variance	 and	 compositional	 patterns.	 Therefore,	 no	 single	 assembly	




integration	 of	 bottom-up	 and	 top-down	 controls	 made	 it	 possible	 to	 identify	 the	
contributing	 factors	 that	 lead	 to	 the	marine	biofilm	 community	 composition.	Thereby	
















































































































































































































































































































































































































selective	 pressures.	 For	 each	 row	 (A-D)	 the	 left	 panel	 gives	 a	 visual	 description	 of	 the	








selective	 pressure.	 Hypothesis	 IV	 (D)	 describes	 the	 effects	 of	 sequential	 but	 unequal	
selective	 pressures.	 Community	 compositions	 by	 the	 earlier	 selective	 pressure	 are	






This	 study,	 while	 utilising	 the	 best	 methods	 currently	 available,	 contains	 a	 series	 of	
limitations	 that	 may	 affect	 data	 interpretation:	 1)	 light	 availability	 and	 shear	 stress	
differences	have	previously	been	associated	with	mesh	presence,	2)	wood	 is	both	 the	
roughest	and	only	degradable	material	based	on	the	study	timeframe,	3)	viruses	cannot	
be	 excluded	 using	 a	 single	 100	 µm	 mesh,	 and	 4)	 habitat	 specificity	 may	 affect	 the	
applicability	of	this	research	into	the	wider	field	of	microbial	ecology.	Still,	this	study	can	
still	 fulfil	 its	 purpose	 and	 represent	 a	 valid	 and	 significant	 contribution	 to	 better	
understand	the	underlying	ecological	principles	of	microbiome	assembly	mechanisms.	
Mesh-associated	 light	 availability	 decreases	 represent	 the	 biggest	 experimental	
limitation	and	may	have	affected	the	study	in	two	ways:	1)	the	mesh	itself	blocking	light	
as	an	intrinsic	property	(Nielsen	2001),	and	2)	growth	on	the	mesh	blocking	more	light	
over	 time.	While	 the	 enclosure	 status	was	 shown	 to	 significantly	 correlate	with	 early	
compositional	differences,	substrate	choice	was	the	primary	selective	pressure	driving	
early	 compositional	patterns.	An	 intrinsic	 light	 availability	bias	due	 to	mesh	presence	
would	have	been	evident	throughout	the	study,	and	not	contained	to	the	late	succession	
stage.	Biofilm	growth	on	 the	mesh	 itself	 can	have	 two	possible	 effects	on	autotrophic	
organisms.	Either	a	slow	decrease	due	 to	a	gradual	 thickening	of	 the	associated	mesh	
biofilm,	or	a	sudden	autotroph	decrease	as	a	threshold	is	reached	and	the	ecological	niche	
within	the	substrate	biofilm	vanishes	as	light	availability	is	blocked.	Neither	scenario	was	
consistently	 evident	 in	 this	 study	 (Figure	 5,	 6;	 Table	 S4).	 Only	 Florideophycidae	
experienced	a	sudden	abundance	decrease	at	day	14,	but	an	Ochrophyta	increase	occurs	
at	 this	 point	 and	 is	 present	 within	 both	 enclosed	 and	 non-enclosed	 conditions.	 The	
evidence	suggests	that	the	trend	of	substrate	to	enclosure	specific	communities	remains	
independent	of	potential	light	availability	effects.	Yet,	it	is	likely	that	light	availability	still	





removal	 would	 leave	 relative	 abundances	 unaffected,	 whereas	 this	 study	 identified	
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colonisation	 and	 growth.	Meanwhile,	 increased	 degradability	 promotes	 heterotrophic	
growth	as	organic	materials	are	degraded	to	obtain	organic	nutrients	(Chow	et	al.	2014;	
Rajput	et	al.	2019;	Ofiţeru	et	al.	2010;	Pereira	e	Silva	et	al.	2012).	Therefore,	while	the	
surface	 properties	 of	 wood	 are	 intrinsically	 linked,	 previous	 studies	 have	 identified	
distinct	effects	and	enabled	this	study	to	quantify	the	effects	of	substrate	roughness	and	
degradability	separately.	




enclosed	 and	 non-enclosed	 conditions,	 especially	 as	 dispersion	 also	 remains	 equal	





ecology	 to	 in	 situ	 marine	 biofilms.	 However,	 if	 habitat	 specificity	 concerned	 the	
underlying	 ecological	 principles	 then	 all	 habitats	 would	 be	 under	 unique	 community	
assembly	 rules.	 It	 is	 more	 likely	 that	 studies	 often	miss	 essential	 components	 of	 the	
ecosystem	 that	 may	 affect	 assembly	 and	 explain	 habitat	 differences.	 This	 is	 another	
limitation	of	 this	 study,	 as	no	direct	predation	estimates	or	 events	were	 captured,	no	
empirical	evidence	could	confirm	increased	predation	on	heterotrophs.	Missed	habitat	
differences	are	especially	common	for	marine	environments,	where	dispersion	 is	easy	
and	 as	 a	 result	 habitat	 specificity	 is	 harder	 to	 capture,	 unlike	 within	 more	 static	
environments	(e.g.	soil).	For	example,	different	habitats	have	shown	increased	(Holt	and	
Lawton	1994;	Saleem	et	al.	2012)	or	decreased	(Antiqueira,	Petchey,	and	Romero	2018)	
richness	 in	 response	 to	 predation.	 The	 variable	 effect	 has	 since	 been	 attributed	 to	
predatory	selectivity	(Canter	et	al.	2018;	Saleem	et	al.	2012),	where	the	role	of	the	preyed	
upon	organism	in	the	community	determines	the	effects	its	reduction	or	loss	may	have	
on	 the	 net	 number	 of	 enriched	 and	 repressed	 organisms	 and	 therefore	 richness.	
Therefore,	a	study	tightly	linked	to	the	underlying	ecological	framework	is	more	likely	to	
be	comparable	across	habitats.	
All	 beta-diversity	 measures	 were	 based	 solely	 on	 taxonomic	 composition	 without	
accounting	 for	 the	phylogenetic	 relatedness	 of	 observed	 taxa	 (Bray	 and	Curtis	 1957).	
Other	methods,	such	as	UniFrac	include	the	relatedness	based	on	a	phylogenetic	tree	and	
would	have	been	more	 informative	 in	terms	of	similar	communities	(C.	Lozupone	and	
Knight	 2005).	 So	 that	 sharing	 closely	 related	 organisms	 would	 decrease	 community	
dissimilarity.	
While	 limitations	 were	 present,	 this	 study	 was	 still	 capable	 of	 advancing	 the	
understanding	of	community	assembly	mechanisms	by	simultaneously	testing	the	effects	
of	different	substrates	and	enclosure	conditions	over	time.	However,	future	studies	could	



















is	much	 too	 short	 a	 timescale	 to	be	 identifiable	within	 this	 study	 (Antunes,	Leão,	 and	
Vasconcelos	 2019;	 Kostakioti,	 Hadjifrangiskou,	 and	 Hultgren	 2013).	 However,	 early	
biofilms	contain	lower	levels	of	biomass	(Antunes,	Leão,	and	Vasconcelos	2019),	and	may	
not	have	sufficient	levels	for	accurate	or	reliable	DNA	analysis.	It	is	likely	that	community	







as	 salinity	 and	 temperature,	 additional	 equipment	 to	measure	 other	 physicochemical	
parameters	(e.g.	pH	and	oxygen),	and	a	quantification	of	environmental	nutrient	levels	
(e.g.	dissolved	organic	carbon,	phosphate).	The	 identification	of	additional	parameters	









components	 (e.g.	 seasonality	 effects	 that	 could	 drive	 community	 composition)	 it	may	
even	be	possible	to	one	day	build	a	comprehensive	model	of	community	assembly	that	is	
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Figure S1. Prokaryotic and eukaryotic organism rarefaction curves. Mean observed 
richness was identified in response to sampling depth for prokaryotes (A) and eukaryotes (B), 
with 10 replicate rarefaction and richness determination events. Different colours represent 































Figure	 S2.	 Water	 column	 communities	 are	 stable	 over	 time.	 Mean	 Bray-Curtis	


































































































































Figure	 S410.	 Biofilm	 communities	 rapidly	 diverge	 from	 marine	 column	
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Time	(day)	 Substrate	 Condition	 Number	of	samples	
0	 Water	 Water	 2	
7	 Plastic	 Non-enclosed	 3	
7	 Plastic	 Enclosed	 3	
7	 Glass	 Non-enclosed	 3	
7	 Glass	 Enclosed	 3	
7	 Wood	 Non-enclosed	 3	
7	 Wood	 Enclosed	 3	
7	 Tile	 Non-enclosed	 3	
7	 Tile	 Enclosed	 3	
7	 Water	 Water	 2	
14	 Plastic	 Non-enclosed	 3	
14	 Plastic	 Enclosed	 3	
14	 Glass	 Non-enclosed	 3	
14	 Glass	 Enclosed	 3	
14	 Wood	 Non-enclosed	 3	
14	 Wood	 Enclosed	 3	
14	 Tile	 Non-enclosed	 3	
14	 Tile	 Enclosed	 3	
14	 Water	 Water	 2	
19	 Plastic	 Non-enclosed	 3	
19	 Plastic	 Enclosed	 2	
19	 Glass	 Non-enclosed	 3	
19	 Glass	 Enclosed	 4	
19	 Wood	 Non-enclosed	 3	
19	 Wood	 Enclosed	 3	
19	 Tile	 Non-enclosed	 3	
19	 Tile	 Enclosed	 4	
19	 Water	 Water	 2	
28	 Plastic	 Non-enclosed	 3	
28	 Plastic	 Enclosed	 3	
28	 Glass	 Non-enclosed	 3	
28	 Glass	 Enclosed	 4	
28	 Wood	 Non-enclosed	 3	
28	 Wood	 Enclosed	 3	
28	 Tile	 Non-enclosed	 3	
28	 Tile	 Enclosed	 3	
28	 Water	 Water	 2	
42	 Plastic	 Non-enclosed	 3	
42	 Plastic	 Enclosed	 2	
42	 Glass	 Non-enclosed	 3	
42	 Glass	 Enclosed	 4	
 
	 119	
42	 Wood	 Non-enclosed	 3	
42	 Wood	 Enclosed	 4	
42	 Tile	 Non-enclosed	 3	
42	 Tile	 Enclosed	 2	
42	 Water	 Water	 2	
56	 Plastic	 Non-enclosed	 2	
56	 Plastic	 Enclosed	 4	
56	 Glass	 Enclosed	 3	
56	 Wood	 Non-enclosed	 1	
56	 Wood	 Enclosed	 3	
56	 Tile	 Non-enclosed	 2	
56	 Tile	 Enclosed	 4	
56	 Water	 Water	 2	
Table	 S1.	 Sample	 replication	 throughout	 study.	 Sampling	 replicates	 from	Dunedin	











Table	 S3.	 Prokaryotic	 cluster	 assignment.	 Silhouette	 analyses	 assigned	 samples	 to	
groups	and	calculated	silhouette	width	to	determine	the	optimum	number	of	groups	that	
all	prokaryotic	communities	can	be	assigned	to,	the	number	of	tested	groups	was	from	2	
to	 6.	 Depicted	 is	 the	 group	 each	 individual	 sample	 was	 assigned	 to	 as	 well	 as	 the	
associated	silhouette	width.	
Table	 S4.	 Eukaryotic	 cluster	 assignment.	 Silhouette	 analyses	 assigned	 samples	 to	
groups	and	calculated	silhouette	width	to	determine	the	optimum	number	of	groups	that	
all	eukaryotic	communities	can	be	assigned	to,	the	number	of	tested	groups	ranged	from	
2	 to	 6.	 The	 group	 each	 individual	 sample	 was	 assigned	 to	 as	 well	 as	 the	 associated	
silhouette	width	are	depicted.	
Table	S5.	Significant	taxonomic	changes	over	time.	Significant	relative	taxonomic	(i.e.	
family)	changes	in	response	to	biofilm	age	separated	by	substrate	and	enclosure	status.	
	
